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RESEARCH MEMORANDUM

THEORETICAL INVESTIGATION OF THE PERFORMANCE OF PROPORTIONAL
‘NAVIGATION GUIDANCE SYSTEMS - EFFECT OF MISSILE
CONFIGURATION ON THE SPEED OF RESPONSE

By Marvin Abramovitz
SUMMARY

A comperison of the maximum speed of response that cen be atteined
by three misslle configurations, & varisble-incidence- s & canard,
and e tall-control, in combination with a particular proportionel
navigetion guidance system is presented. It was found that the configu-
ration which allows the most rapid over-all guidance~-system response
depends on the control-system characteristics., With rate feedback only
in the missile stabilization system the varisble-incidence-wing misslle
resulted in e slightly fester response, with an oscillation frequency
very nearly that of the missile alone. With normsl-acceleration feedback
also included, a more rapid response was sttained with the tail-control
missile, The frequency for all three configurations with acceleration
feedback was higher than that of the missiles alone, but objectionable
variations of navigation ratio with missile-flight-speed changes were
present., :

INTRODUCTION

Among the antiaircraft homing missiles being designed and developed,
examples of all three basic configurations investigated in this report,
a variable~incidence-wing, a canerd, and a tail-control, can be found.
The choice of the optimum configursetion dependsggp g number of factors,
some of which are: the speed of response, welght, drag, servo energy
requirements, convenient location of control-system components, and size
limitetions. The present investigation ls concerned with the first of
these factors, the speed of response.

A verlable-incidence-wing configuration can be designed to have a
more rapid response to a control-surface deflection than either a canard
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or s tall-control missile having the same nsturasl frequency. This is
due to the immediate bulld-up of a large portion of the 1ift on the
wing before the misasile pltches to the trim angle of attack. When the
response of a complete seeker, control-system, and missile combination
is considered, some of the advantage of the varisble-incidence configu-
ration can be lost due to the delay in surface deflection, which resultis
from the effects of lags in the various components of the system. In
gddition, because of the large control-surface area of the variable~
incidence~wing configuration, e welght penalty 1s incurred due to the
greater servo energy requirements, These factors were investigated in
reference 1 at a design flight condition for a beam~rider guidance
syeten,

In the pregent investigation, the speeds of response attalnable with
the three misslle configurations in combination with a proportional
navigation guldance system are compered, The type of guidance systemn,
shown in figure 1 in block diagrem form, is one which previous investiga-
tion has shown to have desirsble speed of response characterligtics
(reference 2)., In this system the antenns is stabilized in space and
the complete system can be separated into two distinct parts: the seeker,
which, with high gearings, introduces only small lags into the over-gll
regponse; and the mlgsile-control-system combination, the dynamic
characteristics of which determine to a large extent the over-all system
speed of response.

The control system utilizes both rate of pitch and normal accelera-
tlon feedback, For the firgt portlon of the investigation, the accelera-
tlon feedback gearing is zero so that only rate feedback 1s present and
the control system is lidentical to the rate feedback control system of
reference 2. For the remaining portion of the inveastigetion, both rate
and acceleration feedback are used,

The missiles are essumed to be of the boost-glide type and the
effect of the decreasing flight speed during the unpowered portion of
the homing trajectory 1ls investigated by considering two Mach numbers:
one that corresponds to the nominal design condition at the end of boost,
and & second lower speed to correspond to conditions near the end of
controlled flight. In addition, the effect of low static margin is
investigated,

In this Investigation, as in references 1 and 2, the effects of
. radar noise are negltcféd, Simplified, noiseless trajectory studies
(reference 3) show that the magnitude of the miss distance is directly
Proportional to the guidence-system lag. Therefore, in the absence
of noise, it is presumed that the selectlon of the most desirable missile
configuration will depend on the speed of response attainable, provided
that adequate system stabllity 1s ‘present.
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NOTATION
L
a5,
M
WBpd
transfer-function coefficients
time derivative [%Q—]
body diameter, feet

moment of inertis in pitch, slug-feet squared

Ay , seconds squared

aSpd
gearing (static gain)

distance between center of jbressure due to angle of atteck and
center of pressure due to control deflection, feet

distance between center of gravity and center of pressure of
front and rear surfaces, respectively, feet

1ift, poudds
pltching moment, pound-feet (or Mach number)

mass, slugs

navigation ratio <§->
steady state

l) N, approximately
Ve

a variable introduced in the Iaplasce transformation
12

dynamic pregsure ng

maximum missile body cross-sectional area, feet squared

exposed area of two front surface panels, feet squared
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exposed area of two rear surfsace panels, feet squered

lead term of missile ( g) transfer function for X = 0,
seconds

transfer-function lead term (or time), seconds
misslile flight speed, feet per second
missile~tdrget closing speed, feet per second

target flight speed, feet per second

voltage

stetic margin paremeter (g - -?é-)

distance between center of gravity and center of pressure due
to angle of attack, feet

distance between center of gravity a.nd cen’cer of pressure due
to control deflection, feet -- -

angle of attack, radians
flight-path angle, radlans
control deflection, radians

radar antenne error angle, radlans
angle of pitch, radians

angular orientation of radar antenna axis with respect to
missile longitudlnal axis, radians

alr density, slugs per cubic foot

line of sight angle in space, radlans

2 . geconds

pPVSp

e AN DBV AL
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Subscripts
A antenna gyro precessing mechanism
a normal accelerometer
G rate gyro in control system
m migsile=-control-system-combination transfer function
(&)= (&)
VR VR

R radar receiver
S control servo
@ 80

o
& 30

o0&
s 20

38
] missile transfer function (g)
. )
V4 missile tramsfer function (%—)

DESCRIPTION OF MISSIIES, CONTROL SYSTEM,
AND GUIDANCE SYSTEM

Migsiles

Figure 2 is a sketch of the three missile configurations, & variable-
incidence-wing, a canard, and a conventional tail control with a cruciform
arrangement of the trisngular surfaces., These configurations are identical
to those of reference 1l and are designed to have identical maneuvering
capabilities and natural frequencies at an altitude of 50,000 feet and
a Mach mumber of 2,7. The design conditions and the method of determining
the aerodynamic characteristics at M=2.7 are described in reference 1.

o
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Similer methods were used in determining the characteristics at M=l,3.
The misslle aserodynamic coefficlents are based on the body diesmeter and
body cross-sectional area for this report, since the body is identical
for all three configurations while the wing and tall areas are different.

The transfer functions used in this report are of slightly different
form than those of reference 1 or 2. This altered form 1s preferable
for investigating the variation of statlc mergin since, in the usual
notation, several of the transfer-function coefficients become infinite
near zero static margin, The transfer functions were determined from
the usual gimplified equations of motion

(Ig#mVD)a ~ mVDE = -Igd
(MgM5P)a(M3+T;D)DO =

-0+ = Y

(1)

X

To determine the effects of statlc margin, it was asssumed that the

moment of inertis, I,, and the damping derivatives, Cpg and Cmi, remein
esgentially constant with variations in static margin. Furthermore,

the followlng equatlions give the linear veriation of the moment derivatives
Cmy, end Cpg with static margin:

Cmg, = -(x/d)Cr,
Cmg = (v/8)C1g (2)
1/a = (x/a)+(y/a)

With the above relationships, the following transfer functions are
obtained, in nondimensionsl form, from the equations of motion
(equations (1)):

5 Kol + (Tot-coX)p)
8 X + Celp + 092p2
(3)
y (1 + cy, P + gﬁipz)
8 {1 + (To* - cgX)p]
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vwhere

N
I

[(x/a) - (Cugy/T)]
Ko' = (1/d) (crs/7)

To' = [(1/a) - (Cmg/T + Cumg/™)1/ [(2/8) (Cr /*)]
1/L(z/a) (cg /)] |

oy, = =(Cmg/7 + Gy /7)/1(2/a) (Cg/7)]
°yp = (iy/7)/L(2/a) (cr /)]

L = [Qy/t) (Cry/7) - (Cmg/T + Cmg/T)1/(Cr /™)
(iy/T)/(CLm/T)

Q
D
]

Q
()
(]

Values of the mass and serodynamic parameters for the three configu-
retions at M=2.7 and M=1.3 and an sltitude of 50,000 feet are tabulated
in table I,

Control System

Figure 3 is a block diagram of the control system. In_the steady
state, the control system produces a missile rate of turn, 7, proportional
to the radar output voltage. The constant of proportionality (control-
system gearing) depends on the individual gearings in the following
manner:

(7/vg)s.e.= Ku = (KgKo'/X)/(1 + KsKeKe?/x + KgVEeKo'/X) (L)

The rate feedback 1s necessary to provide increassed damping since
the missiles themselves are poorly demped, having demping ratios
from 0.04 to 0.07 (depending on the configuration) for the normel design
statlc margin and a Mach number of 2.7. In order to obtain adequate
damping, it is necessary to include a rate gyro lead, tg, approximately
equael to the control servo lag, i

With only rate feedback (i.e., with Xg = 0), the control-system
gearings can be selected so that the system oscillation frequency is
approximately the same as the missile natural frequency. (See reference 2,)
Since at low static margins the missile natural frequency is low, this

e
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control system was only investigated at the normal design static margin -
vhere a repid response could be expected. With normal acceleration

feedback included, it is shown in reference 4 that a system oscillation

frequency can be ohteined that 1s higher than the missile natural .
frequency. Therefore, the investigation included a range of missile

static mergins for this control system and results sre presented for

the normel design static margin and for a very small negative static

mergin, :

Guidance System

Figure 1 is a block diagram of the guldance system. This system
1s identical to system II of reference 2., In reference 2, 1t is shown
that a repld response can be obtained with thils system in which the
radar antenna 1s stabilized 1n space so that no coupling ocecurs between
the antenns motlon and the missile turning motion. With a high value
for the seeker open-loop gearing, KpKr, the seeker responds with a
voltage output proportional to the rate of rotation of the line of
sight, &, with negligible lag. The control system produces a missile
rate of turn, J, proportional to the seeker output in the steady state
so that the complete guidance system produces proportional navigstion
in the stesdy state in compliance with the equation

7/c = N = ¥n/K, (5)

Since there is negliglble lag in the seéker and no coupling
between the seeker and missile motions, the speed of response of the
complete system depends predominantly on the dynamic characteristics of
the migsile~-control-system combination,

METHOD OF ANALYSIS

The equations describing the dynamic characteristics of the misslles,
control system, and seeker were solved for a step & input by means of
a Reeves Electronic Aunalogue Computer for the rate feedback cases, and
by means of the Ames High-Speed Electronic Simulator for cases where
normal -acceleration feedback was included, The ¥ output responses
were optimized for the design flight condition (M=2.7) by varying system
gearings and the feedback lead terms to determine the most rapid response
obtainable consistent with adequate stability.

For the low-speed condition (M=l.3) the optimized gearings and lead
constants, as determined at M=2.7, were used with the changed aerodynemic
parameters to determine the effect of the decreasing flight speed on
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the responses. Comparison of ¥/& steady-state values obtained by the
electronic computers and those calculated using known gearings indicates
that the REAC results are accurate to within 5 percent and the simulsastor
results are accurate to within 10 percent.

In determining the effect of static margin, the parameter
X = x/d -C -/T was varied because of the convenient manner in which it
occurs in thé missile transfer function (equations (3)). Results are
presented with both the normal design value of X and with X = 0 for
the control system having both rate and normel acceleration feedback.
With rate feedback only, the results include Jjust the normal design
value of X. :

The results are for a navigation ratio of 3. This value was chosen
on & basis of desirable trajectory characteristics and anticipated noise
effects. However, since for this guidance system the navigation ratio
can be adjusted independently of the dynamics (see reference 2), the
results apply for all navigation ratios that might be physically realizable.

RESULTS AND DISCUSSION

Rate Feedback Only

Normal static margin.- The optimized responses of the three missiles
at M=2,7 wlith the normal design static margin for the control system
with rate feedback only are shown in figure i(a). Corresponding values
of the optimum gearings are listed-in table II. The varisble-incidence
configuration has only a slightly more rapid response than the other
two configurstions. It can be seen that this is due to the effect of
the system lags on the initial 1ift bulld-up, as otherwise it would be
expected that the veriable-incidence missile would have s larger
adventage in terms of speed of response., The oscillation frequency of
all three responses is very nearly the missile design value (approximately
2 cycles per second).

In figure h(b) are the responses for the seme gearings as for
figure 4(a) but with the M=1.3 aerodynsmic parsmeters. The navigation
ratio, N, has increased by about 30 percent for the variable-incidence
and tall-control configurations and decreased by about 10 percent for
the cansrd. This occurs because of the small optimum value of KSKGKG'
and the variation of the migsile gearing, Kg‘/X, with Mach number as
is shown in the following:

N = Kn/Ka = (KsKe’/X)/Ka(l + KsKgKs'/X)
= KgKg'/Ka(X + KgKgKg') ® (XKg/Ky)(Kg*/X) (6)

since KgKgKg' << X
SNy,
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For the variable-incidence and tall-control configurations, Kb'/x
increases with decreasing Mach mumber while for the cenard Kg'/x
decreases,

Simplified trajectory studies show that in order to maintain
desirable trajectory characteristics, a factor which depends on the
navigation ratio, on the missile flight speed V, and on the missile-
target closing speed Ve must be kept constant (reference 3). If this
factor, which is denoted by n 1n this report (=A in reference 3), is
too large, trajectory instaebility results; 1f too smell, a sluggish
trajectory and large miss distance result, From the following definition
of n

n = NV cos (0-7)/[V cos (o-7)-Vr cos o] % NV/Vc (1)

it can be determined that in order to maintain a constant n with
decressing missile flight speed, N must lncrease with decreasing flight
speed for a head-on sttack, remain constant for a beam attack, and
decrease for a tail attack, It is epparent that without sutomatic gailn
ad justment, none of the missiles are capable of maintalning optimum
trajectory characteristics with varlations in flight speed for all
initial conditions. However, the magnitude of the change in N for all
three migsile configuraetions appears to be smell enough so that the
above effect should not be serious for the speed variation considered
herein.

Rate and Normal Accelersation Feedback

Design static margin.- The optimized responses of the three missiles
at . M=2,7 wlth the normael deslgn static margin for the control system
with both rate and acceleration feedback are shown in figure 5(a).
Corresponding velues of the optimum gearings and lead constants are
listed in table II., It is seen that, with normal acceleration feedback
in the control system, the freguency of the over-all response, though
different for the various missiles, is higher for all three misslles
then the missile deslgn frequency. This, of course, is the primary
advantage of the acceleration control system: It is possible to attain
an oscillation frequency, and therefore speed of response, higher than
that of the ailrframe alone,

In terms of speed of response, the order of merit of the missiles
is the reverse of that which occurred with rate feedback only, the tail
control having the most rapid speed of response and highest oscillation
frequency, but also having the largest initial overshoot. This is due
to the relative magnitude of the numerator terms in the missile 7/é

AT TS
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transfer function, Cyy and cy . The small negative terms for the tail-~
control configuration result in a higher frequency than the small positive
terms for the canard and result in a higher frequency than the larger
positive terms for the variable-incidence configuration.

In figure 5(b) are the responses for the same gearings and lead
constants as for figure 5(&) but with the M=1l.3 saerodynamic parameters
and missile.flight speed. For all three missiles the navigation ratio
hes approximately doubled., This 1s due to the fact that the navigation
ratio is approximately inversely proportional to the missile flight
speed as shown below:

N = Ky/Kp = (KgKg'/X)/Kp(1 + KgKgKp' /X + KgKaVEg' /X)

KgKg' /Ka(X + KgKgKe' + KgKaVKe') \ (8)
% 1/Kp KV
gince : X + KgKoKy' << KK VK, ' J

With lasrge increases in the navigstlon ratio such as occur with this
control system, trajectory instability is likely to occur for tail

chases as the misslle flight speed decreasesgs unless some sort of automatie
gain changer ig provided,

1

Iow static margin.- The optimized responses at M=2,7 and the
responses et M=1.3 &re shown in figures 6(a) and 6(b), respectively,
for X=0. At this statlc margin the missiles themselves are slightly
unstable statlically, but the optimized responses are almost identical
to those for the normal design static margin., These results show the
ability of an acceleration control system to provide a rapild response
for a wide range of aerodynamic parameters. Since the responses are
so nearly identical to those for the normal static margin, the previous
discussion is equally appliceble to the low-static-mergin case.

CONCLUSIONS

The maximum speeds of response that could be sttained by three
missile configurations, a varilable-incidence-wing, a canard, and &
tall-control, in combination with a particular proportional navigation
guidance system, were investigated. The misslle control system
utilized both rate-~of-pitch feedback and normal acceleration feedback,
From the results of the investigation, the following conclusions may
be drawn:
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1. The optimum configuration in terms of speed of response depends .
on the characteristics of the control system.

2, With rate-of-pitch feedback only, the ocscillation frequency of *
the over-all response is very nearly that of the missile alone, and the
variable-incidence configuration allows a slightly more rapid system
response than eilther the canard or tail-control configurstion.

3. Witk both rate-of-pitch and normal acceleration feedback, the
osclllation frequency 1s higher than that of the missile alone, and
the tail-control configuration allows the highest system oscillation
frequency and the most rapid speed of response. However, this configu-
ration also has the largest initial overshoot.

k. If normal acceleration feedback is used with a boost-glide
missile, obJectionable navigation ratio variations with missile-flight-
speed changes may exist, necessitating automatic gain adjustment in . L
flight. _

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif.
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TARLE I.- MASS AND AFRODYNAMIC PARAMETERS OF MISSILES FOR 50,000 FEET ALTITUDE
M=2.7 M=1.3
Parameter Variable Tall Variable Tail
incidence Canard control incldence Canard control
vV, ft/sec 2620 2620 2620 1260 1260 1260
m, slugs 6.67 6.67 6.67 6.67 6.67 6.67
Ly, slug-ft~ 41.0 41.0 1.0 i1.0 41.0 hi,0
gp, £t 2,61 .86 1.49 2,61 86 1.h9
Sy, £t2 1.1h 2.97 .50 1.1h 2,97 <90
ir, £t (design) .20 3.69 .06 .20 3.69 .06
1p, Tt (design) h.56 3.22 L. 70 L.56 3.22 L.T0
Sp, Tt 345 345 345 «349 345 348
da, ft 667 667 667 667 66T B67
T, gec ’-'-O-ll- J-‘-O-l-l- ’-l—O.lI- 8)4--1- 8]1--1. 811--1
iy, sec? Jdh2 142 142 615 615 615
(x/a), (design) .990 .990 1.37 906 1.20 Lokl
1/d) 1.96 9.89 -5.68 2.60 15.9 -5.6L
Cr,, 1/red 23.8 23.8 17.2 38.3 38.1 26.
Crg, 1/rad 9.87 2.93 5.69 18.0 4.08 16,
Cmg, 1/rad/sec - 0916 -.151 - 0780 - 51k -.620 -.348
s, 1/rad/sec ~.0218 - 0260 -.0173 ~ o204 -.159 -.156
Kg¥, 1/sec AT7 .T16 -.801 .556 72 ~1.12
Tot, sec 1.70 1.70 2.35 2.20 2.19 3.19
cg, Bec .866 172 -.413 By «139 -.566
cyy, Bec 00243 .000T54 -.0009T4 00619 .00129 -,00339
Cyns BE -00305 00060k | ~.00L45 .00618 .00102{  -,00L4Lh
Co,» BEC 00827 0110 00905 .0235 0276 0266
062’ BeCE .005‘:” -00597 .00825 -016(\) .0161 5023;4-
W
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TABLE II,- OPTIMIZED GEARTINGS AND LEAD CONSTANTS
Optimized gearings and lead constants
igurati i j
Contiguration F1ewrde /ka| Kskavko® | ta | KsKaKe' | t¢ | KaKR
Variable
incidence | 4{a) | 3 o) o) 0.02 0.05] 30
Canard La)| 3 0 o .03 05| 25
Tall
control k(a) | 3 0 0 .015 051 20
Varisgble
incidence | 5(a) 3. 10 .013 .50 051 15
Canerd 5(a) | 3 10 015 25 O5 | 15
Tail
control 5(a) | 3 10 .005 20 06 | 15
Variable
incidence | 6(a) | 3 10 .025 .25 051 15
Canard 6(a) | 3 10 015 25 05 | 15
Tail
control 6(a) | 3 10 .008 .24 06 | 15
NACA
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Figure I.- Block diagram of proportional navigation guidance system.
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Note: Rear surfaces rotated 45° lo show relative areas.
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Figure 2.- Missile configurations .
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Figure 4.—Transient responses for rate feedback only in the
control system with design static margin.
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Figure 5.— Transient responses for normal —acceleration

feedback in the control system with design static margin .
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